SUMMARY Acute unilateral nephrectomy (AUN) increases electrolyte excretion by the remaining kidney and is associated with a decrease in cardiac output (CO). We studied anesthetized dogs to determine the role of the vagus nerves in these responses to AUN. In six intact animals, AUN increased sodium excretion (U Na V) from 31.7 ± 13.9 to 47.5 ± 14.3 /iEq/min (P < 0.05) and potassium excretion (U K V) from 29.3 ± 5.2 to 62.0 ± 11.4 /iEq/min (P < 0.02) as CO fell from 2.8 ± 0.2 to 1.9 to 0.3 liters/min (P < 0.005), and blood pressure and total peripheral resistance increased; no change in glomerular filtration rate (GFR) occurred, but renal blood flow fell significantly. In seven dogs undergoing sham nephrectomy, no signficant changes in any of these variables occurred. In 12 dogs with bilateral cervical vagotomy, AUN increased U N «V from 19.3 ± 5.3 to 39.6 ± 13.7 /lEq/min (P< 0.05) and U K V from 35.7 ± 5.5 to 46.8 ± 5.8 /iEq/min, (P < 0.001), without changes in GFR, renal blood flow, or mean arterial pressure. However, CO and total peripheral resistance did not change in this group. In nine dogs given intravenous atropine sulfate (0.067 mg/kg), AUN again resulted in comparable increases in cation excretion, but no significant change in CO occurred. These studies demonstrate that the increased electrolyte excretion seen after AUN is not prevented by bilateral cervical vagotomy or by atropine administration. However, the decrease in CO associated with AUN does not occur under these circumstances, indicating that reflex vagal efferent activity is responsible for this hemodynamic change. Therefore, the increase in electrolyte excretion after AUN can be dissociated from the decrease in CO.
A RECENT study from this laboratory demonstrated that acute unilateral nephrectomy (AUN) in the dog resulted in decreases in cardiac output and heart rate and an increase in diastolic blood pressure; these changes were accompanied by an increase in cation excretion by the remaining kidney . When these hemodynamic consequences of AUN were prevented, by opening a femoral arteriovenous fistula at flow equal to blood flow to the removed kidney, AUN was not followed by increased electrolyte excretion by the remaining kidney. This suggested that these hemodynamic changes were initiated reflexly by AUN and were closely related to the excretory response of the remaining kidney. The vagus nerve plays a large role in mediating hemodynamic changes, carrying afferent stimuli from barorecep-tors in the aortic arch and left ventricle and volume receptors in the atria and great veins, as well as efferent signals regulating heart rate and myocardial contractility. Therefore, we studied its role in the hemodynamic alterations resulting from AUN. The data demonstrate that the decrease in cardiac output seen after AUN in the intact animal does not occur in the dog with bilateral cervical vagotomy, but that electrolyte excretion by the remaining kidney rises nevertheless. These results are in large part duplicated in the animal given intravenous atropine sulfate and suggest, therefore, that the hemodynamic changes seen after AUN are secondary to stimulation of cardiac parasympathetic efferents carried by the vagus. However, the increased cation excretion by the remaining kidney after AUN is independent of these vagally mediated reflex cardiac changes.
Methods
We studied 34 mongrel dogs of either sex, weighing between 17 and 26 kg. The dogs were anesthetized with sodium pentobarbital (30 mg/kg, iv) and ventilated via a cuffed endotracheal tube attached to a Harvard respirator. The kidneys were exposed through subcostal flank incisions, and catheters were placed in each renal vein and ureter. In addition, catheters were inserted into the proximal aorta via a brachial artery and into the superior vena VOL. 46, No. 4, APRIL 1980 cava (23 dogs) or pulmonary artery (11 dogs) via the jugular vein. In 12 animals, the cervical vagus nerves were isolated and severed. A constant infusion of normal saline was administered via a foreleg vein at a rate of 0.5 ml/min; this solution contained sufficient inulin and sodium para-aminohippurate (PAH) to achieve plasma concentrations of 25 and 1 mg/dl, respectively. All animals received 5 mg deoxycorticosterone acetate in oil intramuscularly during the preparative surgery.
Experiments were conducted in four groups of animals. (1) Seven dogs (group A) served as time controls. After completion of surgical preparation, clearance and hemodynamic measurements were made, following which the left flank incision was opened and the left kidney and hilum gently manipulated. The wound then was closed, and 30-60 minutes later, clearance and hemodynamic measurements were repeated for an additional hour. The timing of these measurements corresponded closely to those in experiments in which AUN occurred. Since left nephrectomy was performed in all but two experiments in subsequent groups, data are presented only for the right kidneys of group A studies. (2) In six dogs with intact vagus nerves (group B), AUN was carried out after initial clearance and hemodynamic measurements had been completed. The renal vessels were identified, doubly ligated, and severed, and the kidney was removed completely. Thirty to 60 minutes later, clearance and hemodynamic measurements were resumed. (3) In 12 dogs (group C), bilateral cervical vagotomy was performed 30-60 minutes prior to initial control measurements. After completion of these measurements, complete surgical nephrectomy was carried out as described above, and repeat measurements were made starting 30-60 minutes later. (4) In 9 dogs (group D), initial control measurements occurred 30-60 minutes after atropine sulfate (0.067 mg/kg) had been administered intravenously. AUN then was carried out, and measurements were repeated, as above, starting in 30-60 minutes. In two of these dogs, the adequacy of parasympathetic blockade was assessed as follows: the right vagus nerve was isolated, placed in contact with stimulating electrodes from an electrical stimulator (Grass Instruments Co.), and stimulated at 3 V, 1 msec, and 10 Hz. This resulted in a greater than 25% decrease in heart rate prior to atropine administration. Stimulation after the atropine was given failed to alter heart rate for the remainder of these experiments, suggesting that full parasympathetic blockade was maintained for the duration of these experiments.
In all experiments, urine was collected for 10 or 15 minutes during both control and experimental periods. Arterial and renal venous blood samples were drawn in alternate periods into heparinized tubes, centrifuged immediately at 4°C, and the plasma was stored for subsequent analysis. Cardiac output was determined in alternate periods by duplicate measurement of dye dilution curves, as previously reported for this laboratory , or by thermal dilution, using a temperature-sensitive catheter positioned in the pulmonary artery by oscilloscope monitoring of the pressure pulse and attached to an Electro-Catheter Corporation model 3500 cardiac output computer. Thirty-five simultaneous thermal and dye dilution cardiac output determinations carried out in four experiments in this study yielded a ratio of thermalto-dye dilution cardiac output of 1.025 ± 0.026 (SE), a ratio not significantly different from unity. In experiments using the thermal dilution technique, cardiac output was measured in every clearance period; the injectate consisted of 5 ml of normal saline at room temperature. Arterial blood pressure also was recorded. Hematocrit was measured in duplicate on each arterial blood sample, using glass capillary tubes.
Plasma and urine were analyzed for sodium, potassium, chloride, inulin, PAH, and osmolality, and plasma was analyzed for total protein concentration by methods previously reported for this laboratory . Glomerular filtration rate (GFR) was determined from the clearance of inulin, renal plasma flow (RPF) from the clearance and extraction of PAH, and renal blood flow (RBF) from the RPF and arterial hematocrit. Renal function measurements in groups B, C, and D are presented only for the kidney remaining after AUN, during the control period and after AUN; in all but two cases, this was the right kidney. Results from three to five clearance intervals during the control and experimental periods were averaged to provide a single point for that period. Results are expressed as the mean ± 1 SEM, and statistical significance was assessed using Student's £-test for paired or unpaired observations, as appropriate.
Results
The data for all groups are presented in Tables  1 and 2 and Figure 1 . Values for systemic and renal hemodynamics and electrolyte excretion during the initial control period were comparable in all groups, and no significant differences between groups for any of the measured variables during control were present.
Group A-Sham Nephrectomy
Sham nephrectomy in seven dogs produced no significant changes in cardiac output, blood pressure, or total peripheral resistance. Hematocrit also was unchanged, but a slight fall in plasma total protein concentration occurred (Table 1) . Renal function also was stable in these experiments (Table  2) : an insignificant rise in GFR and fall in RBF combined to result in an increase in filtration fraction; this was, however, not associated with any significant change in electrolyte excretion. Values are means ± 1 SE of multiple measurements in each dog during control (C) and after acute unilateral nephrectomy (groups B, C, D) or sham nephrectomy (group A) (E). Group C animals underwent bilateral cervical vagotomy prior to C, whereas group D animals received intravenous atropine sulfate (0.067 mg/kg) prior to C.
• P < 0.05; t P < 0.02; J P < 0.01; § P < 0.005.
Group B-Acute Unilateral Nephrectomy in Dogs with Intact Vagi
AUN was performed in six animals with intact vagi and caused a fall in cardiac output in each; the mean fall from 2.8 ± 0.2 to 1.9 ± 0.3 liters/min was highly significant (Table 2 ). This change was associated with a rise in blood pressure from 131 ± 8 to 144 ± 7 mm Hg (P < 0.05); consequently, calculated total peripheral resistance rose markedly. No change in hematocrit occurred after AUN, but total protein concentration fell; the change was comparable to the fall seen in the sham nephrectomy group. These hemodynamic effects of AUN were accompanied by the renal functional changes shown in Table 2 . GFR was not altered after AUN, but a highly reproducible fall in RBF occurred; as a result, marked increases in filtration fraction and renal vascular resistance were observed. Despite these renal hemodynamic changes, which are associated with antinatriuresis in other circumstances, small but significant increases in UNaV and URV occurred after nephrectomy; as in our previous study, the increase in U K V was more marked than the increase in UN S V. Chloride excretion tended to fall after AUN but this change was not statistically significant. Urine flow likewise was unchanged after AUN (0.54 ± 0.22 vs. 0.52 ± 0.16 ml/min).
Group C-Acute Unilateral Nephrectomy in Vagotomized Dogs
The results of AUN in the bilaterally vagotomized animal are also shown in Tables 1 and 2 and Values are means ± 1 SE of measurements in remaining kidneys before (C) and after (E) acute unilateral nephrectomy in groups B, C, and D or in right kidneys before and after sham nephrectomy in group A. Group C animals underwent bilateral cervical vagotomy prior to C, and group D animals received intravenous atropine sulfate (0.067 mg/kg) prior to C.
• P < 0.05; t P < 0.02; t P < 0.01; § P < 0.005. In contrast to the studies in animals with intact vagi (group B), AUN in these dogs with bilateral cervical vagotomy resulted in no significant change in cardiac output (2.3 ± 0.2 to 2.1 ± 0.2 liters/min) and no change in mean blood pressure or total peripheral resistance ( Table 1 ). The consequences of AUN on function of the remaining kidney are shown in Table 2 . Both GFR and RBF were unchanged, but consistent increases in UN 8 V and U K V took place (Table 2) . UoV was not altered after AUN. These changes in cation excretion occurred without significant alterations in filtration fraction, renal vascular resistance, urine osmolality, or urine flow rate; urine osmolality was 916 ± 133 mOsm/kg H 2 O before and 976 ± 131 mOsm/kg H 2 O after AUN, whereas urine flow changed from 0.29 ± 0.07 to 0.35 ± 0.08 ml/min (P > 0.05 for both).
Group D-Acute Unilateral Nephrectomy in Atropinized Dogs
Acute unilateral nephrectomy was carried out in nine dogs given atropine sulfate intravenously (0.067 mg/kg). As shown in Table 1 , AUN did not cause significant changes in cardiac output, mean blood pressure, or total peripheral resistance in these dogs. GFR did not change appreciably; RBF fell in eight of the nine, so that the small decrease in mean RBF from 235 ± 17 to 219 ± 18 ml/min was significant (P < 0.02). U Na V and U K V both increased after AUN, although the increase in UN 3 V did not reach statistical significance (Table 2 ). The magnitude of these increments closely matched the increments in cation excretion after AUN seen in dogs with intact vagi (group B) and in dogs with bilateral cervical vagotomy (group C) ( Table 2) . Although UciV increased from 18.7 ± 9.7 to 34.9 ± 19.2 juEq/min after AUN, this change was not significant because of the large variation from animal to animal.
Differences among Groups
The relationship between changes in cardiac output and cation excretion in the four experimental groups is shown in Figure 1 . Only in group B did cardiac output fall significantly; the changes seen in groups C and D were not significant and matched closely the slight fall seen with time in the shamoperated control group (group A). The decrease in cardiac output after AUN in group B animals was significantly greater than in groups A, C, or D (P < 0.005 by unpaired £-test). UNSV was statistically unchanged in the sham-operated controls but increased after AUN, although in group D, atropinized dogs, this increase was not statistically significant. However, because of wide variation within groups, the increases after AUN were not statistically different from the decrease in the controls. The increase in U K V after AUN in group B studies was greater than in controls (P < 0.05), and the increases in UKV in groups B, C, and D were not statistically different from each other. However, the increases seen in groups C and D after AUN, although highly significant within the groups, did not differ significantly from the increase seen in controls.
Discussion
The present studies were undertaken to characterize the relationship between the hemodynamic changes resulting from AUN and the increased cation excretion by the remaining kidney. An earlier study first demonstrated the decrease in cardiac output which occurs after AUN and suggested that, in the intact animal, this was closely tied to the increase in electrolyte excretion . The present results confirm that AUN regularly results in a decreased cardiac output and increased total peripheral resistance. Pentobarbital anesthesia, used in these studies, is itself known to produce substantial alterations in cardiovascular dynamics (Vatner and Braunwald, 1975) and could have contributed to the changes observed in the present studies. However, these changes appeared specifically related to the nephrectomy itself and not to nonspecific deterioration of cardiac function in the anesthetized and surgically prepared dog, since they were not observed in animals undergoing sham nephrectomy but otherwise studied in identical fashion. By the same token, the increase in cation excretion after AUN also must be specifically related to the nephrectomy, since UN H V and UKV in right kidneys of sham-operated controls did not increase with time. This increase in cation excretion after AUN is small in magnitude but quite reproducible in the experimental groups, supporting its relationship to the nephrectomy. That the increased cation excretion resulting from AUN can occur without the hemodynamic changes is clearly demonstrated by these studies. Both UN 3 V and UKV rose after AUN in dogs after cervical vagotomy and in dogs given atropine, in a manner similar to the increase seen in intact animals, although the increase in UN 3 V after AUN in group D, atropinized dogs, did not reach statistical significance. However, no appreciable changes in systemic hemodynamics occurred in either the vagotomized or atropinetreated animals. Therefore, this observation dissociates the hemodynamic from the natriuretic consequences of AUN and thereby permits greater insight into the mechanisms by which these changes come about.
When AUN was carried out in dogs with bilateral cervical vagotomy, no significant change in cardiac output occurred, whereas electrolyte excretion increased much as in animals with intact vagi. This demonstrates that the renal response to AUN is not dependent on an intact vagus and thereby rules out an important role of vagal afferents to promote electrolyte excretion after AUN. Numerous studies have demonstrated that increases in atrial pressure reflexly lead to increased cation excretion (Goetz et al., 1970; Gillespie et al., 1973; Reinhardt et al., 1977) via a mechanism involving vagal afferents. If AUN caused atrial pressure to increase, then natriuresis could result through activation of these vagal afferent pathways. Although atrial pressure measurements were not made in these studies, the preservation of the increased cation excretion after AUN in these dogs with bilateral cervical vagotomy indicates that vagal afferent stimuli do not appreciably alter the renal response to AUN regardless of any changes in atrial pressure which might occur. On the other hand, prevention of the fall in cardiac output after AUN by prior atropine administration indicates that increased vagal parasympathetic efferent activity is largely responsible for this consequence of AUN. It is likely that the dose of atropine employed in these experiments was sufficient to produce full blockade of cholinergic receptors for the duration of the studies, since the bradycardia caused by vagal stimulation was eliminated in the two dogs in which it was examined. Similar doses have been shown to have no effect on canine renal function and electrolyte excretion (Vander, 1964; Schrier and Berl, 1972) , and control measurements of renal function in the dogs which received atropine did not differ appreciably from other groups. In these animals, AUN caused changes similar to those seen in dogs with bilateral cervical vagotomy; the decrease in cardiac output observed in group B after AUN did not occur, but cation excretion rose nevertheless. Thus, the present experiments establish clearly that the response of the remaining kidney to AUN is not markedly altered either by bilateral cervical vagotomy or by atropine administration, but that the changes in systemic hemodynamics seen in intact animals after AUN are largely abolished by these maneuvers.
These studies extend the concept suggested initially that AUN initiates a circulatory reflex arc and help to define some of the components of this reflex. AUN would appear to initiate stimuli through afferent pathways which lead ultimately to the observed hemodynamic and renal responses. These afferent pathways clearly cannot involve stimuli from low-pressure baroreceptors which travel centrally via the vagus, since the response of the remaining kidney to AUN was not altered by vagotomy. Fibers from high-pressure baroreceptors located in the aortic arch also travel centrally via the vagus but, by the same token, could not be part of the afferent stimulus initiated by AUN, since interruption of this pathway by vagotomy did not prevent the response of the remaining kidney. The afferent limb of the reflex arc therefore, must consist of a different pathway; in this regard, we have been able to show in preliminary studies that bilateral carotid sinus denervation prevents both the systemic hemodynamic and the renal response to AUN . Prevention by cervical vagotomy or atropine administration of the systemic hemodynamic changes initiated by AUN in intact animals demonstrates that these hemodynamic alterations are mediated by vagal parasympathetic efferent pathways that are blocked by atropine.
The renal mechanisms responsible for the increased electrolyte excretion after AUN cannot be stated with certainty. The increment in cation excretion is small; these and other experiments have demonstrated that UKV increases after AUN more consistently than UNBV Diezi et al., 1978; Dirks and Wong, 1978) . Both micropuncture and clearance studies have shown a depression in proximal reabsorption after AUN (Dirks and Wong, 1978; Perlmutt, 1967; Guignard and Dirks, 1976a) . The small increment in electrolyte excretion in the face of a large decrease in proximal reabsorption has been attributed to reabsorption in distal nephron segments of much of the increment in fluid delivered out of the proximal tubule. The predominance of increased UKV also has been interpreted as reflecting enhanced distal tubular Na + :K + exchange resulting from increased distal Na + delivery (Guignard and Dirks, 1976b; Humphreys and Ayus, 1978) . The identification of a primarily proximal locus of action is remarkable in view of the renal hemodynamic findings shown in Table 2 : AUN in group B dogs was accompanied by increases in filtration fraction and renal vascular resistance, changes generally associated with enhanced proximal reabsorption and decreased electrolyte excretion. These hemodynamic findings also have been observed by others (Coe et al., 1968; Dirks and Wong, 1978; Humphresys and Ayus, 1978) . In the present studies, mean arterial pressure increased significantly after AUN in group B dogs and could have contributed to the increments in U Na V and U K V. However, no increase in pressure was observed in groups C and D after AUN, despite quantitatively similar increases in UNSV and UKV. Thus, a pressure natriuresis does not account for the effect. Vagotomy is known to increase the circulating level of vasopressin and causes a natriuresis to occur in water-loaded dogs (Schrier and Berl, 1972) ; injections of ADH also can be natriuretic in hydra ted animals (Humphreys et al., 1970) . A vasopressin-mediated increase in cation excretion does not seem likely in the present studies, since similar increments were seen after AUN in intact animals and in dogs given atropine; vasopressin levels should not be affected by the administration of atropine (Schrier and Berl, 1972) . In addition, the natriuretic response to AUN has been demonstrated in dogs receiving a constant infusion of ADH (Guignard and Dirks, 1976b) . A possible role of other humoral factors in mediating the response has been suggested (Coe et al., 1968; Dirks and Wong, 1978) . In particular, evidence supports the concept that prostaglandins may be involved in the depression of proximal reabsorption occurring after AUN (Dirks and Wong, 1978) .
A small but consistent fall in RBF after AUN has been reported previously (Coe et al., 1968; Dirks and Wong, 1978; Humphreys and Ayus, 1978) and also was observed in intact dogs in the present experiments (group B). The mechanism for this effect is unclear. It is known that changes in atrial pressure or distention influence renal nerve activity via a reflex mechanism involving the vagus nerve (Clement et al., 1972; Karim et al., 1972; Kahl et al., 1974) . If AUN caused a decreased venous return to the heart, then stimuli which result in renal vasoconstriction might be initiated. Interruption of the vagus nerves would abolish this reflex, preventing the postnephrectomy renal vasoconstriction from occurring. This could have been the case in the group C experiments, in which AUN was not followed by decreased RBF. According to this formulation, atropine should therefore allow renal vasoconstriction to occur after AUN if vagal afferents are involved. As shown in Table 2 , RBF did indeed fall in group D after AUN. However, this decrease in RBF was small and, despite its statistical significance within the group, was not different than the spontaneous fall seen in sham-operated controls. In addition, the magnitude of the decrease is at the limit of accurate blood flow measurement by these clearance methods. Consequently, further studies will be necessary to evaluate fully the mechanisms responsible for renal vasoconstriction after AUN.
